ABSTRACT.-We explored distributions of Asian nuthatch species in ecological and geographic space using ecological niche modeling based on occurrence data associated with specimens and observations. Nuthatches represent a well-defined clade occurring throughout the Northern Hemisphere, but are most diverse in southern Asia where 15 of the 24 species occur and where the lineage is believed to have evolved. Species richness was focused in a narrow east-west band corresponding to the forested parts of the Himalayas with a maximum number of nine species predicted present in these foci. The distributional predictions have a mid-elevation focus with highest species diversity between 1,000 and 2,000 m. Niche breadth and volume were positively related, but accumulation of distributional area (niche volume) decreased with additional environmental combinations (niche breadth). The extent of potential range filling, a measure of distributional disequilibrium, was connected with montane habit (R 2 ϭ 0.422) indicating that montane situations limit the distributional potential of species.
The Sittidae consists of 25 species in two genera: Sitta with 24 species (nuthatches) and Tichodroma with a single species (Wallcreeper [T. muraria] ). The family was conceived much more broadly (Mayr and Amadon 1951) to contain other, superficially similar groups, such as Daphoenositta (the sittellas of New Guinea and Australia), now known to have converged on a similar feeding niche and morphology from different ancestry (Sibley and Ahlquist 1990) . True nuthatches occur throughout the Northern Hemisphere, but are most diverse in southern Asia where 15 of the 24 species occur (Harrap and Quinn 1995) , and where the lineage probably evolved (Matthysen 1998) . The co-occurrence of many closely-related species was noted by Ripley (1959) and Lack (1971) . Matthysen (1998) observed that many nuthatch species have small ranges, although 5-7 nuthatch species occur at sites across southeast Asia, generally segregated by elevation, habitat, or both (Lack 1971 , Matthyssen 1998 .
Nuthatch distributions range from narrow endemism to broad distributions crossing con- New informatic approaches offer novel insights into the interaction between ecology and geography in evolving lineages (Soberón and Peterson 2004, 2005) . In particular, diverse hypotheses relevant to distributional ecology and biogeography can be tested: conservatism of ecological niche characteristics , ecological innovation Holt 2003, Graham et al. 2004 ), distributional equilibrium with climate features (Svenning and Skov 2004) , identification of barriers to dispersal (Peterson 2003) , the role of interspecific competition in shaping species' distributions (Anderson et al. 2002) , and others. The objective of this paper is to analyze and explore the ecology and distributions of Asian nuthatch species as a first step toward a more integrative view of nuthatch evolution and biogeography.
METHODS
Data.-We focused on 14 species in the genus Sitta and one species in the genus Ti- (Collar et al. 2001) . Textual descriptions of occurrence localities were translated into geographic coordinates in decimal degrees using the GeoNet Names Server (National Geospatial Intelligence Agency 2007) and BioGeomancer (Chapman and Wieczorek 2006) . The final data set consisted of 483 occurrence points with samples for individual species ranging from 2 to 69 (Table 1 ). The amount of occurrence data available for Asian nuthatch species was variable. For most species, we had more than sufficient information to characterize ecology and distribution. However, in two or three cases, sample sizes available were marginal (Sitta victoriae, 2 points; S. solangiae, 3 points; S. yunnanensis, 7 points). Some analyses suggest these sample sizes are probably too low (Stockwell and Peterson 2002b) , but others indicate that such models may be viable ). These three species are genuinely microendemics and a few points are likely to be most of what is available, particularly in the single mountain range endemic S. victoriae. Our analyses do not involve any projections to other time periods or other regions; we believe the effects of the potentially poor fit of these models are slight. Climate data were drawn from the WorldClim climate data archive (Hijmans et al. 2005) . We used a subset of the 'bioclimatic' coverages: annual mean temperature, mean diurnal temperature range, maximum temperature of warmest month, minimum temperature of coldest month, annual total precipitation, and precipitation of wettest and driest months. We supplemented these data sets with information from the U.S. Department of Interior, Geological Survey's Hydro-1K data set (USDI 2001) for topography and landform (slope, aspect, compound topographic index). We resampled all data sets to 0.17Њ resolution to avoid over interpretation of the precision of the point-occurrence data.
Ecological Niche Modeling.-We used ecological niche modeling to provide a picture of likely distributional patterns for each species. This general class of procedures is based on known occurrences of species, as they relate to digital raster data coverages that summarize potentially relevant ecological parameters. The goal is to identify a suite of ecological conditions within which the species in question can likely maintain populations without immigration subsidy (Grinnell 1917) . The result is a picture of the species' potential geographic distribution, defined as the area meeting the species' ecological niche requirements that characterize known distributional areas (Soberón and Peterson 2005) . We used the Genetic Algorithm for Rule-set Prediction, or GARP (Stockwell and Peters 1999) , which has seen extensive testing and application to such questions (Peterson and Cohoon 1999; Stockwell and Peterson 2003; Peterson 2002a, 2002b) . GARP is an evolutionary-computing approach that relates known occurrences of species to raster data layers summarizing relevant environmental parameters to create a model of the ecological niche of the species, which can be used to identify a potential geographic distribution (Soberón and Peterson 2005) . We used 19 bioclimatic variables from the WorldClim global 0.17Њ data set (Hijmans et al. 2005) , plus data on topography and landform including elevation, slope, aspect, and compound topographic index (USDI 2001) to characterize ecological landscapes.
Our use of GARP is for visualization and interpolation purposes only, and the technique has been documented in detail elsewhere (Anderson et al. 2002 (Anderson et al. , 2003 Illoldi et al. 2004; Martínez-Meyer et al. 2004; Ortega-Huerta and Peterson 2004; Soberón and Peterson 2004; Peterson 2005) . Thus, we do not provide a full, detailed description. We used half of the available occurrence data for training models, and half to provide test data sets that characterized model success in predicting independent occurrence points. We developed 100 replicate models for each species using GARP and followed recent recommended protocols (Anderson et al. 2003) in using independent measures of omission and commission (Type I and Type II) prediction error to identify an optimal 10% of models from the 100 replicate models originally produced. The sum of these 10 models was taken as the best hypothesis of the species' distribution.
We inspected the distributional hypotheses for each species to establish a threshold for decisions of presence versus absence (lowest training presence threshold, Pearson et al. 2007) . Initial model predictions in two cases (S. yunnanensis and S. nagaensis) were too broad and general and we used a tighter convergence criterion (convergence 0.001; maximum iterations 10,000), which resulted in closer correspondence between model predictions and known distributional limits. No tests of model quality were developed given uneven sample sizes across species and known ability of Ecological Niche Models (ENMs) to reconstruct the generalities of species' distributions at continental scales (Elith et al. 2006 ).
We related model predictions for each species to the original ecological variables on which the models were based to reconstruct models in ecological space. We used the 'Grid Combine' option in ArcGIS 9.0 to create a grid with a distinct value for all unique combinations of the environmental coverages across Eurasia. The attributes table associated with this grid yielded a matrix showing all unique environmental combinations and predictions associated with each species, which permitted several visualization exercises. Niche breadth was reconstructed as the variance of distributions in a standardized principal components analysis (Rotenberry and Wiens 1980 , Carnes and Slade 1982 , Litvak and Hansell 1990 . Niche volume was calculated as the spatial translation of the niche in terms of areal coverage of the distribution across the landscape of interest without attention to which part is actually occupied by the species (Soberón 2007).
We established which portions of the potential distributional area are likely not to be inhabited to explore differences between actual and potential distributional areas (Svenning and Skov 2004) . We were conservative and only eliminated as uninhabited those areas that were disjunct from areas of known occurrence, and from which no occurrences were known. These steps resulted in maps of the likely actual area of occurrence (Soberón and Peterson 2005) . Proportional range occupancy was calculated as the ratio of the areas covered by the actual and potential distributional areas. We classed each species as occurring primarily in lowlands, foothills, or at high elevations based on published descriptions of nuthatch natural history (Matthysen 1998) .
RESULTS
Niche Models.-These models produced realistic predicted distributions. For example, we used 17 available unique occurrence points for S. cashmirensis to characterize the species' distribution (Fig. 1) . Initial results from the ENM algorithm identified mainly highland areas as potential distributional areas including the Himalayas of India, Nepal, and Pakistan (that constitute the known range of the species), as well as the highlands of Ethiopia and lower-elevation regions of Iran, Turkey, and Greece. A major disjunction in this distributional prediction corresponds to the dispersal barrier likely constraining this species to its present distribution: the Central Persian Desert Basin in central and eastern Iran, and western Afghanistan.
Geographic patterns of species richness based on the modeled distributions of nuthatch species were striking (Fig. 2) . Spread generally across southern Asia, nuthatches show a dramatic richness focus in a narrow east-west band corresponding to the forested parts of the Himalayas, extending eastward into southwestern China (especially Szechuan and Yunnan provinces) and northern Burma. These foci reach predicted species richness up to nine species present (Fig. 2) . However, the coarse resolution of our predictions (0.17Њ, or ϳ18.9 km) precludes separation of local species richness from high local-scale species turnover corresponding to local habitat diversity. These distributional predictions have a middle elevation focus (Fig. 3) with lowland areas and elevations above ϳ3,000 m having relatively few species; intervening elevations (1,000-2,000 m), have the highest species diversity.
Niche Dimensions and Disequilibrium.-The relationship between niche breadth and extent was positive (Fig. 4) because wide niche breadths tend to map onto large geographic areas, but accumulation of distributional area (niche volume) decreases with additional environmental combinations (niche breadth). Proportional range-filling indices showed a negative relationship with montane habit (Fig. 5 ). An outlier in this relationship was the White-browed Nuthatch; regressions including this species explained 10% of the overall variation (R 2 ϭ 0.102; P Ͻ 0.05), whereas excluding it explained fourfold more variation (R 2 ϭ 0.422; P Ͻ 0.05). The probable relictual nature of this species needs further investigation, but montane characteristics clearly limit the distributional potential of nuthatch species. Recent studies have explored the extent to which species fill their potential distributions, a measure of distributional disequilibrium (Svenning and Skov 2004) . We generally found low proportional range filling among nuthatch species, particularly those with montane distributions. This suggests that nuthatch distributions will frequently be constrained by limited dispersal abilities.
Montane Ecology and Geography.-Nuthatch diversity patterns are related to the major mountain systems and associated cool tem- perate climates. Most nuthatch species have narrow geographic distributions in subtropical regions; those few with broader distributions range considerably farther and more broadly. The nuthatch diversity focus coincides closely with the Qinghai-Tibet Plateau region known to contain the largest concentration of Endemic Bird Areas in Asia (Long et al. 1996) , as well as a focus of bird species richness (Ding et al. 2006) . This association illustrates the seeming contradiction that most nuthatch species have small ranges, but the temperate-zone conditions they prefer are represented much more broadly farther to the north.
These results raise issues of biogeography and the role of geography in subdividing geographic distributions of evolving lineages. If species do not fill their ranges as completely in montane environments as in lowland environments, and if ecological niches are relatively conservative , interactions may exist between geographic potential and ecological habit. Lowland species may have broader geographic distributions, but montane species may experience greater subdivision or have greater potential for isolation of populations that manage to colonize across dispersal barriers. Tests of these and other hypotheses will be feasible once a robust phylogenetic hypothesis is available for the group.
CONSERVATION IMPLICATIONS
One fifth of all Asian nuthatch species are considered threatened (Collar et al. 1994 , IUCN 2006 ). Among threatened Asian species, S. victoriae has an extremely narrow range, is listed as Endangered (IUCN 2006) , and would clearly be threatened by any significant habitat destruction in the Mount Victoria region. Four other species (S. solangiae, S. yunnanensis, S. formosa, S. magna) have wider ranges, but are threatened by habitat loss and degradation (Matthysen 1998 , BirdLife International 2004 , IUCN 2006 . Sitta formosa and S. magna have small populations, which are thought to be declining and severely fragmented, and are listed as Vulnerable. Sitta solangiae and S. yunnanensis are affected by ongoing habitat loss and degradation, but have larger populations and are listed as near Threatened (IUCN 2006 ). The area of highest nuthatch species diversity, predicted by our analysis, closely matches the Sino-Himalayan Mountain Forest region identified by BirdLife International (2003) as one of nine key forest regions for threatened birds in Asia.
The Chinese and Himalayan region consists of middle-and high-elevation forests, scrub, and grasslands on the southern slopes of the Himalayas and in the mountains of southwestern China and northern Indochina. The natural habitat in this region is relatively secure at higher altitudes compared to middle elevations, which is under greater pressure from deforestation and fragmentation. Middleelevation forests are also the areas where our analysis predicts highest nuthatch species diversity. Habitat fragmentation further compounds the conservation implications for montane species, which have a greater potential for isolation. Our results emphasize the importance of middle-elevation habitats in this region for biodiversity.
